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The dissolution of NaCl in water is one of the most common everyday processes, yet it remains poorly
understood at the molecular level. Here we report the results of an extensive density functional theory
study in which the initial stages of NaCl dissolution have been examined at low water coverages.
Our specific approach is to study how the energetic cost of moving an ion or a pair of ions to a less
coordinated site at the surface of various NaCl crystals varies with the number of water molecules
adsorbed on the surface. This “microsolvation” approach allows us to study the dependence of the
defect energies on the number of water molecules in the cluster and thus to establish when and
where dissolution becomes favorable. Moreover, this approach allows us to understand the roles of
the individual ions and water molecules in the dissolution process. Consistent with previous work we
identify a clear preference for dissolution of Cl ions over Na ions. However, the detailed information
obtained here leads to the conclusion that the process is governed by the higher affinity of the water
molecules to Na ions than to Cl ions. The Cl ions are released first as this exposes more Na ions at the
surface creating favorable adsorption sites for water. We discuss how this mechanism is likely to be
effective for other alkali halides. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4840675]
I. INTRODUCTION
Solid-liquid interfaces play a crucial role in many natu-
ral and industrial processes. Heterogeneous catalysis, electro-
chemistry, or weathering of rocks are just some of the many
examples. Of all the various processes at wet surfaces, the dis-
solution of sodium chloride (rock salt, NaCl) in water is one
which is frequently encountered. Although seemingly simple,
gaining understanding of NaCl dissolution is becoming in-
creasingly important because of its relevance to processes in
the environment and water purification. It is also likely to be
relevant for other water-solid interfaces and dissolution pro-
cesses and thus by understanding the mechanism of NaCl dis-
solution we may start to get general insight relevant to a range
of related processes.
The dissolution process has been the subject of a num-
ber of experimental studies using a wide range of techniques.
Infrared spectroscopy measurements1–3 have shown that the
thickness of adsorbed water films depends on relative hu-
midity, and when the coverage reaches about 3 monolay-
ers at ambient temperature a spectrum resembling brine is
observed suggesting the onset of dissolution of the surface.
These studies and previous ultraviolet photoelectron spec-
troscopy experiments4 stressed the important role defects play
in the dissolution process. However, as information averaged
over the whole surface of the sample is obtained, a detailed
molecular scale picture is missing from this work. Much more
detailed information has been obtained using atomic force mi-
croscopy (AFM), scanning force microscopy (SFM), or scan-
a)Electronic mail: angelos.michaelides@ucl.ac.uk
ning polarization force microscopy (SPFM)5, 6 techniques in
experiments of Dai at al.,7 Shindo et al.,8–10 and others.11–15
The measurements revealed slow step movements and round-
ing of sharp kinks at humidities below ∼40% and a faster step
movement when the humidity is increased above ∼40%. The
SPFM experiment also observed that before a water film cov-
ers the terraces, water molecules adsorb at defects,7, 11, 13, 14
such as steps. At humidities of ∼35% this leads to an increase
in SPFM contrast which was explained by the release of ions
from the step and their solvation. An observed decrease of the
contact potential has been explained by assuming that the Cl
ions are released first from the steps. Similar conclusions were
presented based on experiments combining AFM and ambi-
ent pressure X-ray photoelectron spectroscopy by Verdaguer
et al.15 However, it is not clear why the Cl should be released
first since when cations are present as impurities at the steps,
they are solvated first.14
As molecular level information is often not available
from experiment, molecular simulations have been instru-
mental in deepening the understanding of the dissolution
process. So far, mainly two rather distinct approaches have
been used: the first uses accurate post-Hartree-Fock (post-HF)
methods to calculate binding energies of small water clusters
containing Na and Cl ions. The use of post-HF approaches
limits the size of the system and also, it implies that zero
temperature potential energy surfaces are computed. Using
this approach adsorption of water molecules on a small clus-
ter was studied and the energy needed to displace one of the
ions from the ideal lattice position was calculated (see, e.g.,
Ref. 16 or 17). In related work18 the hydration of a sin-
gle NaCl molecule and the change from contact ion pair to
0021-9606/2013/139(23)/234702/10/$30.00 © 2013 AIP Publishing LLC139, 234702-1
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solvent separated ion pair was studied. Despite the generally
higher accuracy offered by the post-HF methods, the rather
small size of the systems that can be treated means that the
results and trends obtained might not be transferable to actual
surfaces of NaCl crystals.
The second main approach used to study the salt dissolu-
tion process involves molecular dynamics (MD); usually with
empirical force fields (FF). This allows for larger systems to
be examined but with lower accuracy compared to the post-
HF methods. From the various studies performed,19–22 Yang
et al.20 has recently found that for an NaCl nanocube im-
mersed in water the Cl ions leave the crystal first. Although
during these simulations the dissolution process was directly
addressed, the simple force fields employed do not account
for effects such as polarization or possible dissociation of the
water molecules. Only recently have studies appeared where
density functional theory (DFT) was used to study the inter-
action of liquid water films with a flat salt surface23, 24 and
the dissolution process into a liquid water film.25 In the lat-
ter dissolution study it was found that the Cl ion has a lower
free energy barrier to dissolution and an intermediate partially
solvated state was identified. However, the huge cost of an ab
initio MD study at a solid-liquid interface meant that dissolu-
tion at just one type of surface defect could be explored and
with a full liquid overlayer many of the details of the dissolu-
tion process were smeared out.
In this work we compare energies of static low energy
water clusters on NaCl surfaces; either pristine surfaces or
surfaces with ions or ion pairs displaced to a low coordination
site have been examined. We call the corresponding energy
difference a displacement energy and study its dependence
on the type of displaced ion(s), number of water molecules,
and the type of surface. We take a small number of water
molecules (below 20, corresponding to coverages less than
half a monolayer) to understand the role they play and we
also use realistic models of the NaCl surface. The unprece-
dented number of structures allows us to understand the basic
forces governing the process and ask questions like how many
water molecules are required for the release of an ion to be-
come energetically favorable and which of the ions is likely to
be released first and why. Not unexpectedly,12, 26 we find that
dissolution is not favorable from a flat surface. However, we
can confirm the release of Cl ions from steps as suggested in
previous experiments and simulations.14 Indeed, we find that
simply on energetic grounds it becomes favorable to release
Cl ions from steps once there are enough water molecules
available to solvate them. In stark contrast to this, the Na ions
are unlikely to be released as it always costs energy to do so.
Given the stronger interaction of water molecules with the Na
ion, these findings are somewhat unexpected. However, we
explain this by showing that releasing Cl creates a vacancy
packed with Na ions which is a very favorable site for water
to adsorb. Therefore, the release of Cl is only a “by-product”
of the stronger interaction of water and Na ions. Finally, we
find that there is no significant change in the displacement en-
ergy once the displaced ion and the vacancy are covered with
water molecules.
In Sec. II we discuss the technical details of the methods
employed to simulate the systems and to obtain representative
structures. This is followed by results of adsorption on the
different surfaces in Sec. III A. The dependence of the energy
required to displace the ions is reported in Sec. III B which is
followed by discussion and conclusions in Sec. IV.
II. COMPUTATIONAL PROCEDURE AND SETUP
In this study we used a combination of FF based MD
as a means to obtain possible structures of the system fol-
lowed by geometry optimization with DFT for water clusters
of different size on three different NaCl surface models. The
surfaces were modelled using a slab geometry with periodic
boundary conditions. We have studied flat NaCl(001), a sur-
face with a monoatomic step (represented by the NaCl(710)
surface), and surfaces with a kink and corner sites in the step
(called simply “surface with a kink” for brevity in the follow-
ing), with either Na or Cl terminated kinks. The models as
well as the simulation cells are depicted in Figure 1. In the
NaCl(001) case we used three atomic layers of NaCl and a
large 4 × 4 supercell. Four atomic layers were used to model
NaCl(710), with the layers tilted to create a stoichiometric
001-like step on the surface (one on each side of the slab);
this particular type of structure has been identified as the low-
est energy step defect.27 A similar strategy was employed to
create the kinks, which leads to one side of the surface having
a Na terminated kink while the other side has a Cl terminated
kink. Tests performed in this and previous work show that
these thin slabs yield sufficiently converged adsorption and
displacement energies.27–29
The adsorption energy Eads is calculated using
Eads =
(
EtotnH2O/NaCl − nEtotwat − Etotsurf
)/
n , (1)
where EtotnH2O/NaCl is the total energy of the system with a wa-
ter cluster adsorbed on the surface, Etotwat is a reference total
energy of an isolated water molecule in the gas phase, Etotsurf is
the total energy of a water-free relaxed surface, and n is the
number of adsorbed water molecules.
The displacement energy Edis is calculated as
Edis = EtotnH2O/NaCl−dis − EtotnH2O/NaCl, (2)
where EtotnH2O/NaCl−dis is the total energy of the system with the
water cluster adsorbed on the surface with displaced ions. The
EtotnH2O/NaCl is the total energy of the lowest energy adsorbed
FIG. 1. Simulation cells used in the study: (a) flat surface, (b) surface with
a monoatomic step, and (c) surface with a kink. Each of the cells shown
is repeated in three dimensions using periodic boundary conditions. Na and
Cl ions are colored blue and green, respectively. This color scheme is used
throughout.
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water cluster on the surface for that particular number of water
molecules. Therefore the Edis gives the energy cost to move an
ion from the surface layer to a less coordinated site. A positive
number means that displacing the ion is not favorable, whilst
a negative Edis represents a release of energy and a favorable
dissolution process. Note that here we are dealing with the
energetics of this process at 0 K and that thermal and entropic
effects are not taken into account.
For the DFT calculations VASP 4.6.34.30, 31 was used
with the Perdew, Burke, and Ernzerhof (PBE) exchange-
correlation functional.32 A plane wave basis set cut-off was
set to 400 eV, and the large cells employed and the elec-
tronic structure of the system allows us to use  point only
k-space sampling. The core electrons in VASP are treated
within the projector augmented-wave (PAW) method.33, 34
The geometry optimizations were run with maximal atomic
force criterion of 0.02 eV/Å. While PBE has been shown
to describe the binding between water molecules well,35, 36 it
has been shown that it underestimates the adsorption energy
of a water monomer on NaCl(001).28 This can be, at least
partially, attributed to the missing description of dispersion
within PBE which can be an important part of the adsorp-
tion energy.37 Therefore, for some of the structures, we com-
pared the PBE results to results obtained with the optB86b-
vdW functional,37, 38 which includes a long-range correlation
part.39 While the absolute adsorption energies become larger,
the relative differences, mostly governed by stronger elec-
trostatic contributions, do not change so as not to alter the
conclusions drawn with the PBE functional, see supplemen-
tary material.40 This is consistent with recent studies of ad-
sorption of water and other small molecules or clusters on
surfaces.41–44
The FF calculations were performed using the Gro-
macs suite of programs.45, 46 The Assisted Model Building
with Energy Refinement (AMBER) parameters47, 48 were used
for Na and Cl, and water was modelled using the TIP4P49
potential with some tests performed using the TIP4P/2005
parametrization.50 The AMBER and TIP4P parameters were
selected since they give the best agreement with PBE data for
various properties of interest from the force fields available
in Gromacs, see supplementary material.40 For example, the
adsorption energies on salt obtained with AMBER and TIP4P
are similar to those obtained from PBE (see Figure S1 of the
supplementary material40). We note that FF calculations were
performed simply to generate appropriate structures for sub-
sequent PBE calculations and that all energies reported in this
article have been obtained with PBE. We have chosen PBE
over a purely FF-based approach mainly because in our pre-
liminary tests we did not identify a combination of FFs (either
polarizable or non-polarizable) that yielded accurate struc-
tures, displacement energies, and relative energies for small
water clusters when compared with PBE, see supplementary
material.40
Our approach in this work has been to compare the en-
ergy of a cluster adsorbed on the intact surface with the en-
ergy of a cluster on a surface where one or two of the ions
have been displaced. For this we need to have a sufficient
(i.e., large enough) sample of representative low energy struc-
tures for each case. There are several approaches suitable for
producing a large number of distinct clusters such as sim-
ulated annealing, various Monte Carlo based approaches,51
random structure searching,52 or other techniques. We opted
for a relatively simple and mostly automated procedure where
for a given number of water molecules and type of defect we
perform 2 ns of FF-MD simulations at 200, 230, 260, and
300 K. From each of these runs we select a large number
(>200) of structures and perform geometry optimization us-
ing Gromacs. By ordering the structures according to their
energy we obtain low energy structures for each combination
of defect and number of water molecules, and for some of
the structures we then perform geometry optimizations using
VASP. This gives us several PBE optimized structures from
which we select the lowest energy one to be used in the dis-
placement energy calculation. Our selection procedure is able
to give us a representative set of low energy structures. How-
ever, when the number of water molecules is large, we might
not necessarily find the lowest energy PBE cluster and free en-
ergy calculations should be more appropriate to describe the
energy differences. Although steps in this direction have been
performed in our group using DFT,25 a large scale application
as presented here53 is not yet possible with DFT. In a separate
study on a similar system using FFs we have compared the
displacement free energies with the energy differences of the
lowest energy clusters and found rather good agreement.54
III. RESULTS
A. Water adsorption on surfaces without
displaced ions
1. Flat surface
First we study how water molecules adsorb on the
selected surfaces trying to understand the general features of
the water substrate interactions. On the flat surface (Figure 2)
the lowest energy structure of a water monomer
FIG. 2. The lowest energy water clusters found on a flat surface containing
1, 2, 3, 4, 6, and 16 water molecules. The water molecules tend to bind to Na
ions but adsorption on Cl is possible because such water molecules can accept
hydrogen bonds. This leads to the formation of loops containing four or more
molecules. For large clusters, some of the molecules can occupy positions in
a second layer and are not in direct contact with the surface. These are shown
in orange in (f).
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FIG. 3. Adsorption energy per water molecule in eV for the four surfaces
studied: Flat (001), monoatomic step (710), and two surfaces with a Na or Cl
kink.
(Eads = −390 meV) has the molecular plane almost parallel
to the surface with the O atom on top of a Na ion with the
water hydrogens directed towards adjacent Cl ions,28, 29, 55–57
see Figure 2(a). The water molecule can also bind to the
Cl ion via a hydrogen bond, although less strongly55, 57
(Eads = −160 meV). These two structures can form a dimer
where additional energy is obtained through the formation
of a hydrogen bond. Adding more waters leads to a further
increase in the adsorption energy up to the hexamer, beyond
which the adsorption energy levels off at around −570 meV
(Figure 3). Small clusters (up to tetramer) have been studied
previously55–58 and for these we find reasonable agreement
with the published adsorption energies and structures.
The leveling off of Eads at around six water molecules is
interesting and worth explaining: The magnitude of Eads is de-
termined by the interactions of the water molecules between
each other and with the surface, a single water molecule can
usually form up to four such bonds. When the clusters are
small, not all the possible bonds are created as there is an in-
sufficient number of water molecules to bind to. For example,
in the dimer structure (Figure 2(b)) there are two hydrogens,
one on each molecule, which do not form any bond. However,
as the cluster size increases, the average number of bonds also
increases and at some point most of the water molecules par-
ticipate in four bonds leading to the saturation of Eads.
2. Surface with a step
Let us now focus on the defective (non-flat) surfaces
where a step or a kink is present. Although such surface fea-
tures will inevitably be present in a real crystal, water adsorp-
tion on such surfaces has not been widely studied in the case
of NaCl. In agreement with previous work,59, 60 we find that
on the step surface the most favorable adsorption site is next to
the step where two Na ions are exposed: one Na ion is below
the water molecule and a second is in the step, see Figure 4(a).
The adsorbed water molecule can bind to both ions,
which results in a much more favorable adsorption energy
(Eads = −623 meV) when compared to the flat surface. When
more water molecules are added, chain structures are formed,
FIG. 4. Side view of the water monomer and a top view of water clusters
with 4, 8, and 12 molecules on the surface with a monoatomic step. Apart
from the monomer image the upper terrace is shown with darker colors, the
lower with pale colors to highlight the step. The periodic cells are shown with
greyed out colors and this coloring scheme is used throughout.
the adsorption energy, however, is only marginally affected
(e.g., the Eads of a dimer is −629 meV). In this case there is
only a small energy difference between water binding to Na
or binding to Cl and accepting a hydrogen bond from another
water bound to Na. For eight water molecules a water chain
along the step is formed. This structure, shown in Figure 4(c),
has the most favorable adsorption energy per water molecule
from all the models on the step surface (Eads = −655 meV). In
our calculations the particular number of water molecules ad-
sorbed at the step is given by the periodic boundary conditions
we employ wherein our model of the step has eight adsorption
sites per unit cell. The structure then represents an infinite wa-
ter chain adsorbed along the step. Additional water molecules
have to adsorb on the less favorable terrace sites and they need
to distort the chain structure which reduces the adsorption en-
ergy. It is worth noting that similar chain structures have been
observed in the experiments7, 11, 13, 14 and predicted to exist for
water on steps of metal surfaces.61–63 However, the structure
on the NaCl step differs as it contains two different geome-
tries of water molecules, one type bonded to Na and the other
to Cl.
3. Surfaces with a kink
The Na or Cl terminated kink surfaces also contain a step
and as one can see in Figure 3 the adsorption energies are sim-
ilar to those observed on the step surface. In the case of the
Cl terminated kink, the most stable configuration for a single
water is at the Na ions of the step with Eads = −630 meV.
In a similar manner to the step surface, when more water
molecules are added, chain structures are usually the most
stable structural motifs. Interestingly, the corner site with
three Na ions does not facilitate a favorable connection of
two chains (see Figures 5(a) and S7 of the supplementary
material40) and the adsorption energy for intermediate num-
ber of water molecules (between 6 and 14) is smaller than on
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FIG. 5. Water clusters with 10 molecules adsorbed on NaCl surfaces with a
Cl terminated kink site (a) and a Na terminated kink site (b). Similar to the
surface with a step, these surfaces exhibit favorable adsorption sites involving
two adjacent Na ions. Moreover, the surface can also support the formation
of a water chain.
the step surface. For even larger numbers of water molecules,
the terrace sites are occupied.
On the Na terminated kink (Figures 5(b) and S8 of the
supplementary material40) the corner site represents a very
favorable adsorption site, for example, three molecules can
adsorb with Eads = −671 meV. On the other hand the lowest
energy configuration for a monomer is at the terminal Na ion,
but with a less favorable Eads of −608 meV. When the number
of water molecules is increased, chains are again formed with
a favorable structure for eight water molecules. Between 8
and 14 water molecules, the adsorption energy follows closely
what we found on the stepped surface (Figure 3). The adsorp-
tion is more favorable on the Na terminated kink for 16 and 18
water molecules than on the step since on the kink the clus-
ters occupy the corner area between the two periodic kinks
and can form more compact structures.
B. Moving ions out of the lattice
1. Flat surface
We now explore the displacement of ions from the lat-
tice, starting with the flat surface. Although this surface is not
expected to be the easiest place to initiate dissolution, it turns
out that we can learn a lot about the general factors relevant to
the process. Let us just repeat that we study how the displace-
ment energy Edis for different defects depends on the number
of water molecules adsorbed. This gives us the energetic cost
to displace the ion and form the vacancy and how this is af-
fected by the presence of water. Only when Edis is negative
is it favorable to release the ion from the lattice and form the
vacancy.
We compare the energetic cost of creating various types
of defects: single Cl or single Na ions or a NaCl ion pair,
as shown in Figure 6. For the flat surface we create different
Cl defects by placing the ion two lattice positions (“Cl far,”
Figure 6(a)) or one lattice position away (“Cl near”) from its
original site. Often when the Cl near structure is created, an
adjacent Na ion is pulled out from the surface, as shown in
Figure 6(b). The last Cl defect “Cl above” (Figure 6(c)) is
formed when the Cl ion occupies the position above the va-
cancy but the vacancy itself is occupied by a water molecule.
The Na ion can form a “Na near” defect, as shown in Fig-
ure 6(d). It does not form a structure corresponding to the “Cl
above” for reasons we will discuss later and the “Na far” de-
FIG. 6. Displacement defects on flat NaCl(001): (a) “Cl far” with the Cl ion
far from the vacancy, (b) “Cl near” where the displaced Cl ion occupies a
site near the vacancy and can displace an adjacent undercoordinated Na ion,
(c) “Cl above” where one water molecule prevents the displaced Cl from
returning to its original lattice site, (d) “Na near” where the Na ion has been
taken out, (e) “NaCl near,” an ion pair defect proximate to the vacancy, and
(f) “NaCl far” with the ions taken farther. For clarity vacancies are generally
indicated with an asterisk.
fect becomes stable in the FF-MD simulations only for a large
number of water molecules. The ion pair can be removed and
displaced to a position closer or farther from the vacancy lead-
ing to “NaCl near” and “NaCl far” structures, as shown in
Figures 6(e) and 6(f), respectively.
In the absence of water the displacement energies are all
quite high, e.g., 1.7 eV for a single Cl defect and 2.2 eV for
the ion pair defect (Figure 7). However, as can be seen in
Figure 7, in the presence of water molecules it becomes
significantly easier to create defects. This is simply caused by
the fact that the surface with the defect offers more favorable
adsorption sites for water molecules, i.e., sites where the ab-
solute value of Eads is larger than on the flat surface. Such fa-
vorable sites occur not only in and around the vacancy but also
0 2 4 6 8 10 12 14 16 18
Number of water molecules
0
0.5
1
1.5
2
2.5
D
is
pl
ac
em
en
t e
ne
rg
y 
(e
V
) Cl above
Cl near
Cl far
NaCl near
NaCl far
Na near
FIG. 7. The displacement energy in eV for different defects and number of
water molecules on the flat surface. The value represents the energy dif-
ference between the lowest energy water cluster adsorbed on a flat surface
and the lowest energy structure identified for a cluster with the same number
of water molecules plus a defect. The red (blue) dashed curves connect the
lowest energy single ion (ion pair) defects. It can be seen that for ten water
molecules and more ion pair defects are favored over single ion defects.
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FIG. 8. The “Cl near” defect on the flat surface with 8, 12, and 16 water
molecules.
around the displaced ion. In the case of a Cl ion defect, the wa-
ter molecule adsorbs directly into the vacancy where many Na
ions are exposed. This leads to an interesting situation as the
water can prevent the ion from coming back into the vacancy,
forming the “Cl above” structure with a relatively small Edis.
In the case of the Na defect the water adsorbs preferentially at
the displaced ion. Clearly in both cases the behavior of water
is governed by the strong water-Na interaction. However, as
there is no water directly in the vacancy the Na ion can re-
turn. From the energetics established of the single ion defects
it’s clear that there is a competition between the ion-ion and
ion-water interactions. The water molecules interact strongly
with Na ions and preferentially adsorb at them; the Na ions
also are less “stable” when removed from the lattice site and
can return to the vacancy.
When we look at Edis for more than 8 water molecules we
note that the energy cost needed to create the single ion defect
basically does not change. This can again simply be under-
stood from Figure 8, where a “Cl near” defect with 8, 12, and
16 waters is shown. Once the vacancy and displaced ion are
covered by water molecules the defects are “healed” and sub-
sequent water molecules to absorb see an environment simi-
lar to adsorption on a flat surface without any defect. There-
FIG. 9. Defects on the NaCl surface with a monoatomic step. The Cl ion
can reside far (“Cl far”) from the vacancy, or can sit in a hydration shell (“Cl
near”), or it can come into contact with a Na ion adjacent to the vacancy
site (“Cl contact”). The Na ion defects are less stable and we only show the
structure for the “Na” defect, which is equivalent to the “Cl far.” We displace
the ion pair to a “NaCl far” position, and also structures denoted as “NaCl
near” occurred during the molecular dynamics, in these structures the Cl ion
is raised above the step.
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FIG. 10. The displacement energy on a surface with a monoatomic step. We
show data for a single Cl or Na defect in different arrangements and data for
two types of NaCl dimer defects. As can be seen for 16 water molecules it is
more favorable to form the “Cl near” defect than to form a water cluster on a
defect-free step.
fore Edis does not change appreciably when additional water
molecules are adsorbed. This is an important point, the dis-
placed ion or vacancy enhances the adsorption energy only
for the water molecules directly in contact with them. While
there is little change in Edis for the single ion defects for more
than 8 water molecules, the cost to create the pair defects is
still reducing. For 10 water molecules the pair defects become
less costly than the single ion defects and for the largest clus-
ters we have studied Edis drops to just 100–200 meV. Again,
the cost of pair defects is initially higher since more bonds
need to be broken, but since the structures contain more favor-
able adsorption sites than the single ion defects the final Edis
becomes smaller. However, as the number of water molecules
is increased above 12, there is little change in Edis as there
are only few favorable adsorption sites left. Thus on the flat
surface we have not observed a situation where it would be
energetically favorable for the ion to leave the lattice.
2. Surface with a step
We now focus on the surface with a monoatomic step,
where some of the ions are less coordinated. As with the flat
surface we have compared the energy cost to create single
Na or Cl defects and ion pair defects displaced by various
amounts from their original lattice positions, see Figure 9. On
the stepped surface we identified a defect that we call “Cl
FIG. 11. The hydrated Cl ion defect (“Cl near”) on the monoatomic step
with 8, 12, and 16 water molecules. This defect represents a very stable struc-
ture and does, in fact, become more stable than the perfect step for 16 water
molecules, as indicated in Figure 10.
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FIG. 12. The displacement energy on Na (left) and Cl (right) terminated kink surfaces.
contact,” shown in Figure 9(c), which is similar to the “Cl
above” on the flat surface, i.e., the Cl ion is close to the va-
cancy but hindered from returning to it by a water molecule.
As can be seen from Figure 10 Edis first rises when wa-
ter molecules are added. Although this at first might seem
surprising it is simply caused by the strong adsorption of
water on the step. For more than eight water molecules the
step without any defect does not represent such a favorable
adsorption site and Edis quickly decreases when water
molecules are added. One particularly stable structure is
formed by the “Cl near” defect where the Cl ion is taken
out of the step and partially hydrated by water molecules that
bind to the exposed Na ions at the same time (see Figure 11).
The energy gain obtained from the strong adsorption on the
Na ions is large enough to bring Edis below zero for 16 wa-
ter molecules, i.e., it is energetically favorable to release the
Cl ion. For all the systems examined in this study this is the
only configuration identified where it becomes favorable to
remove an ion from its lattice site. This is in agreement with
the SPFM measurements which suggest that the Cl ions leave
the step defects first.12–15
The ion pair defects are less costly to form than on the
flat surface with the cost being similar to that of the single Cl
defects. It seems plausible from the trend shown in Figure 10
that the displaced NaCl pair will become favorable for more
water molecules than we have examined here (>16). The Na
defect by itself is not favorable to form, even with respect
to the ion pair defects, which agrees with our former findings.
Indeed, when Na is displaced from the step, a site packed with
Cl ions is exposed which does not yield favorable adsorption
sites for water.
3. Surfaces with a kink
We now consider the surfaces with either Na or Cl termi-
nated kink sites. As with the flat and stepped surfaces we cal-
culate Edis for a single ion or ion pair defects and various num-
bers of water molecules. In the case of a Na terminated kink
the single ion defect is a Na ion, which upon displacement ex-
poses two Cl ions, shown in Figure S9(a) of the supplemen-
tary material.40 As we have already learnt from the previous
surfaces such a structure is not favorable for water adsorp-
tion and one would not expect the Na defects to be preferred.
Figure 12 shows that this is indeed the case and in fact it is
easier to create the ion pair defects at this particular surface.
However, even for the pair defects Edis for a large number of
water molecules is quite high, above 300 meV. The increase
in Edis seen in Figure 12 for 14–18 water molecules is par-
tially caused by a lower adsorption energy on the kink visible
in Figure 3, another reason could be insufficient sampling of
the lowest energy clusters.
The last surface model we have considered is the Cl ter-
minated kink structure. The different defects considered are
shown in Figure S10 of the supplementary material40 and the
energies are shown in Figure 12. The displacement of Cl ions
exposes favorable adsorption sites for water molecules and
thus one would expect that (1) the release of the ions could be-
come favorable for a large number of waters and (2) the cost
of single ion defects will be initially lower than the cost of
ion pair defects (as opposed to the situation on the Na termi-
nated kink which we just discussed). The latter point is indeed
observed: the single Cl ion defect in the “Cl near” configura-
tion has a lower Edis than the “NaCl near” defect (see Fig-
ure 12). Moreover, the structure “Cl contact,” where the Cl
ion is only slightly displaced has an even lower energy cost.
However, it seems that this defect does not expose enough Na
ions to yield a favorable solvation structure compared to the
kink surface without a defect. Although the final Edis for most
of the defects are quite low, around 200 meV, we have not
found a structure that is more stable than the defect free kink
surface.64
IV. DISCUSSION AND CONCLUSIONS
We have performed a detailed study aimed at elucidating
the intimate details of the initial stages of salt dissolution in
water. The different surface models used enabled us to find
basic principles which govern the process and we discuss our
findings in more detail here.
Let us start with the behavior of water on surfaces with-
out displaced ions. As observed previously water molecules
bind more strongly to the Na ion than to the Cl ion. Further-
more the binding is even stronger when two adjacent Na ions
are exposed, for example, on the step. Adsorption at Cl sites is
more likely when the adjacent Na ions are occupied, in which
case the two molecules form a hydrogen bond with each other.
This leads to formation of clusters on the flat surface and
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FIG. 13. Schematic illustration of the main trends in the displacement energy
Edis. The energy cost to create the defect is high but it also creates favorable
adsorption sites for water both at the vacancy and at the displaced ion. As
more energy is gained by adsorbing at the defect, the cost of creating the
defect is reduced.
molecular chains that run along the steps for the defective sur-
faces. As can be seen from Figure 3 chains of water molecules
at step sites are much more stable than clusters on the flat sur-
face. However, once water covers the favorable sites on the
step, further water molecules need to adsorb at the less fa-
vorable sites at the terrace and the average adsorption energy
is reduced. These findings are in agreement with experimen-
tal observations in which water was found to adsorb first on
defects, such as steps.7, 11, 13, 14
The energetic cost required to release an ion from the lat-
tice is governed by two competing forces: (1) the energy lost
in creating a defect (breaking ionic bonds); and (2) the energy
gained by adsorbing water at the vacancy and around the dis-
placed ions. This is schematically illustrated in Figure 13. The
cost to create a defect is high, about 1–2 eV both for a single
ion or a pair, but the adsorption energy of water is enhanced
by ∼0.2 eV for each water that adsorbs at a defect. (This is
approximately the difference between Eads on the flat surface
and on the surfaces with defects, see Figure 3.) Thus, the re-
lease of ions from the crystal is not favorable but adding water
molecules reduces the cost through the stronger binding to the
defect. However, once the defects are covered by water Edis no
longer decreases when more water molecules are added since
all the favorable adsorption sites are occupied. This can be
clearly seen for the flat surface single ion Edis in Figure 7. For
cases where there are more water molecules than defect sites
to bind to, additional ions can be released. This is seen on the
flat surface where for more than 10 water molecules ion pair
defects are preferred.
An interesting result to come out of this study is the role
the Na ions play in dictating which ion will leave the lat-
tice first. We note that this is something that the MD studies
have not identified. As we have seen the water molecules bind
more strongly to the Na ions than to the Cl ions. However, as
Fig. 10 clearly shows for the stepped surface, more energy is
gained when a single Cl is released than when a single Na
ion is released. This is because upon release of the Cl several
Na ion adsorption sites around the vacancy are exposed. Al-
though the energy difference is the main driving force, the Na
ions also seem to be less “stable” when removed from their
lattice sites. Taken together this leads to the conclusion that
the Cl ions are released first for two key reasons: (1) when the
Cl ion is released, favorable Na adsorption sites are exposed;
and (2) water molecules bind to the vacancy screening it from
the displaced Cl ion and also creating a kinetic barrier for the
Cl ion to return. Thus, the first dissolution step seems to be
unexpectedly governed by a rather inverse logic: it is not the
energy gained from removal and hydration of the Cl ion that
drives the release of the ion but rather the energy gained by
exposing more favorable Na adsorption sites. These conclu-
sions explain the experimental observations that if there are
ions present on the terraces, it will be the Na ions that are
hydrated first. Whilst on steps, however, the Cl ions will be
released first so that water can access the Na ions, in agree-
ment with the experimental observations.12–15 Our findings
also agree with the results of the ab initio molecular dynam-
ics simulations presented in Ref. 25. There it was found that
the energy required to displace a Cl ion from a kink site and
solvate it is lower than the energy needed for a Na ion. The
larger polarizability of Cl was identified as a major cause of
this effect. Our results suggest that the different structure of
the first solvation shell also plays a role: while the water-Na
ion interaction is stronger, the molecules need to be arranged
in a quite structured manner around the small and less po-
larizable Na ion. In contrast, there is more flexibility for the
water molecules around the larger and more polarizable Cl
ion which is reflected by the large variability of Cl defects we
observe. These differences in the solvation shell are likely to
affect the entropic contribution to the barrier for dissolution in
to a liquid overlayer, however, the main driving force should,
nevertheless, originate from the stronger interaction with Na
ions. The mostly electrostatic arguments of the driving forces
are supported by the fact that changing the DFT functional
from PBE to optB86b-vdW leads to insignificant changes in
Edis (see supplementary material).40
Let us briefly discuss the question of where the dissolu-
tion will start: at the kink or the step? When we compare the
energies to extract a Cl from a step and a kink we see that they
are quite similar but the values at the step are slightly smaller.
We do not observe the release to be favorable on the kink,
despite the fact that the Cl ion is less coordinated. However,
rounding of kinks is observed experimentally for surfaces ex-
posed to humidity or for surfaces cleaved at humidities around
40%.7, 11–14 Therefore, a fuller investigation of this issue is
required, preferably with an even larger simulation cell than
we have used here, before a definitive answer can be arrived
at. Concerning the question of whether individual ions or ion
pairs will be released first, we notice that the ion pair has a
very low Edis on both the step and kink. Moreover, the pair
does not require a precise structure to be formed as the Cl ion
does on the step and it seems plausible that the pair becomes
favorable with a larger number of water molecules. However,
again for a final answer a larger model for the kink would be
required and in such a situation the increased number of wa-
ter molecules would most likely call for molecular dynamics
simulations to be performed in order to obtain a displacement
free energy. We note that the current models contain already
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over two hundred atoms and it is beyond the scope of the cur-
rent study to perform the free energy calculations.
There are certainly other interesting questions that
emerge from this study, for example, how transferable are our
findings to the dissolution of other systems, such as other al-
kali halides? Unfortunately, this is not that easy to answer.
In Ref. 65, water adsorption on a range of alkali halides was
examined and only on LiF and LiCl was a similar monomer
adsorption structure found. On other substrates, notably those
with larger cations, a hydrogen bonded geometry with the
oxygen pointing away from the surface is found (see Fig-
ure 1 in Ref. 65). This suggests that different water cluster
structures are likely to appear on other alkali halides, possi-
bly leading to a different ionic release mechanism. Luna et al.
studied water adsorption using SPFM not only on NaCl but
also on KCl, KBr, and KF.11 They observed some common
features, such as preferential adsorption on steps, rounding of
kinks upon exposure to humidity, quick movement of steps,
and, eventually, dissolution. There are, however, differences
in the values of relative humidities at which the fast movement
and dissolution happen. Recently, Ghosal et al. found that for
a Br doped NaCl crystal, Br ions are preferentially released
compared to the Cl ions.13 While, based on our observations
from this study, one may conjecture that it will be less costly
to displace a Br ion than to displace a Cl ion there might be
other effects playing a role. Studies of water adsorption on
stepped surfaces of the other alkali halides would certainly
shed more light on this issue as well as on the behavior of
water on the surface observed by Luna et al.11 Furthermore,
unlike a previous study17 where water dissociation on charged
non-stoichiometric clusters was studied we have not observed
dissociation of water molecules.66 What one can expect to be
a very general property valid for other materials is the obser-
vation that Edis is reduced only up to the point when all the
favorable adsorption sites are covered by water.
To conclude we have used a combination of force field
molecular dynamics and density functional theory to eluci-
date the details of the initial stages of NaCl dissolution. We
have found that the release of ions is possible at surface de-
fects even with relatively few water molecules. This agrees
with SPFM experiments where similar conclusions have been
drawn for relative humidities below ∼40%. We find that the
process is initially driven by the stronger affinity of wa-
ter molecules towards Na ions. This causes the Cl ions to
be released first so that more Na ions are exposed, some-
what defying the simplistic view and original experimental
assumption11 that Na ions will dissolve first because of their
stronger interaction with water molecules.
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